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The double laser pulse approach to relativistic electron beam (REB) collimation has been in-
vestigated at the LULI-ELFIE facility. In this scheme, the magnetic field generated by the first
laser-driven REB is used to guide a second delayed REB. We show how electron beam collimation
can be controlled by properly adjusting laser parameters. By changing the ratio of focus size and
the delay time between the two pulses we found a maximum of electron beam collimation clearly
dependent on the focal spot size ratio of the two laser pulses and related to the magnetic field dy-
namics. Cu-Kα and CTR imaging diagnostics were implemented to evaluate the collimation effects
on the respectively low energy (≤ 100 keV) and high energy (≥ MeV) components of the REB.
PACS numbers:
The study of the transport of relativistic laser-driven
electrons is a subject of interest for many applications
including proton-ion acceleration [1, 2], fast ignition ap-
proach to inertial confinement fusion (ICF) [3, 4] , as-
trophysics applications [5] as well as high brilliance and
compact laser-based x-ray sources [6, 7]. In the fast igni-
tion approach to ICF an ultra-intense laser is used to pro-
duce relativistic electrons which deposit their energy to
ignite a pre-compressed fuel pellet. This scheme requires
specific conditions for the laser-electrons conversion ef-
ficiency ( ≥ 40%) and for the mean energy (∼ 1 − 2
MeV) of the electrons delivered into the 20 µm radius
core [8]. Reducing electron beam divergence [9] as well
as optimising electron beam transport in plasmas is cru-
cial in order to satisfy these drastic conditions. Previ-
ous investigations have shown that the dynamics of elec-
tron beams propagation in plasmas is mainly affected
by: i) resistivity effects [10–18] on the electron stopping
power, which become important at relativistic intensities
( IL ≥ 1018 W.cm−2) and reduce the final penetration
length of the electron beam; ii) collisionless Weibel insta-
bilities which starts to grow and become very important
for laser intensities IL > 10
19 W.cm−2, at the level of the
plasma skin depth, generating micro magnetic fields that
strongly contribute to increase the initial electron diver-
gence [19]. Different strategies to control REB propaga-
tion in solid matter have been proposed. They rely on
the use of ∼kT magnetic fields, which can be externally
generated by coils [20, 21] or self generated [22], either by
∗ lvolpe@clpu.es
artificial resistivity gradients [23–27] or by exploiting the
intrinsically high resistivity of a material [28]. An alter-
native scheme by using self-generated magnetic fields was
proposed by A. Robinson et al. [29, 30]. In this scheme
two collinear laser pulses (1 and 2) with a given intensity
ratio I2/I1 ∼ 10 separated by a delay (∆t = t2 − t1) are
used to generate fast electron beams. The electron beam
produced by the first, less intense laser pulse generates a
resistive azimuthal magnetic field (seed magnetic field) to
guide the main electron population generated by the sec-
ond beam. This scheme was experimentally investigated
by Scott et al. [31] who have shown the existence of an
optimum delay between the laser pulses of the order of
the laser pulse duration (∆t ∼ τ), at which a maximum
electron beam collimation is reached. The existence of
this optimum can be explained by considering the growth
rate and then the dynamics of the spatial diffusion of the
seed magnetic field, in connection with the arrival time of
the main electron beam. Further analysis of results have
been underlined by numerical simulations and theoret-
ical predictions [32]. Although a promising collimation
effect was observed in [31], the study was focused on the
only influence of the delay time between the laser pulses
while other relevant parameters, namely laser intensity
and laser focal spot sizes ratio, were kept constant.
Indeed, the dynamics of the seed magnetic field mainly
depends on electron current density and the consequent
evolution of resistivity in the target. Since these can be
easily controlled by modifying the laser focal spot size, it
is important to study the relation between the radius R1
of the azimuthal magnetic field created by the first beam
and the radius of the second electron beam. With respect
to this Robinson et al. [29] has suggested (by assuming
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2the Larmor radius of the second beam smaller than the
radial extension of the seed magnetic field) that the best
condition for collimation can be written in terms of the
laser focal spots ratio ϕ1 > ϕ2 .
In this context we report the results of a novel ex-
perimental scheme of fast electron collimation that uses
two independent focusing parabolic mirrors, allowing to
vary the ratio ϕ1/ϕ2 between the two laser focal spots,
therefore controlling the ratio R1/R2. In addition to
the Cu-Kα emission diagnostic used in [31] and mainly
sensitive to the more numerous electrons in the 10 - 100
keV range, we implemented measurement of coherent
transition radiation (CTR) to evaluate the collimation
effect on higher energy electrons (& 1 MeV) [33].
The high number of shots performed in the campaign
allowed obtaining better statistical characterisation of
the collimation efficiency.
The experiment was performed at the ELFIE facility
(Ecole Polytechnique, France). We used a dual beam
configuration, with two λ = 1.06µm, τ = 470 fs
full-width-at-half-maximum (FWHM) pulses, containing
13 ± 2 J of energy each and focused symmetrically at
± 28.50 incidences with respect to the target normal
[Fig. 1] . The use of two different off-axis parabolic
mirrors, one for each beam, allowed to vary the focal
spot size of the first pulse, generating the seed magnetic
field, from ϕ1 = 20µm to 30 µm FWHM while keeping
constant the focal spot of the second pulse (ϕ2 = 8µm
FWHM). These yielded intensities of ∼ 1018 W.cm−2
and 1×1019 W.cm−2, respectively. The 3×3 mm2 planar
targets were composed of Al[50µm] - Cu[5µm], with
the Al layer facing the two laser pulses. The two pulses,
originating from the same oscillator, were temporally
synchronized using interferometry techniques. The delay
∆t between the laser pulses was varied between 0 ps and
5 ps, with a precision of 100 fs. Cu-Kα x-ray emission
(~ω ≈ 8 keV) produced by electrons passing through
the copper tracer was imaged onto a FUJI image plate
using a spherically bent quartz 22-43 crystal [6, 7],
with a radius of curvature of 25 mm, looking at 37.50
with respect to the target normal. Coherent transition
radiation at twice the laser frequency [34] produced by
relativistic electrons of energies & 1 MeV was recorded
using a Gated Optical Imager (GOI) looking at the
target rear surface at 28.50 with respect to the target
normal and with an acquisition time of 200 ps, limiting
the contribution to the signal of delayed Planckian
thermal radiation.
Figure 2(a) presents the evolution of the Cu-Kα spot
size as a function of delay time between the two laser
pulses for different ratios ϕ1/ϕ2. An optimum delay,
corresponding to a maximum collimation of the fast
electron beams, was measured for each focal spot ratio.
Both Cu-Kα and CTR diagnostics confirm that the
collimation of the main electron beam occurs at delays
∆t = 3, 2.5, 2 ps respectively for the run with focal
spot ratios ϕ1/ϕ2 = 2.5, 2.8, 3 [Fig.2 (b)]. The higher
the ratio ϕ1/ϕ2, the shorter is the delay at which an
optimum collimation occurred.
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FIG. 1. (color online) Experimental setup.
Examples of experimental images are shown in figure
3(a) for ϕ1/ϕ2 = 2.5, while figure 3(b) reports the size
as measured by the two diagnostics on the same graph
[same data as figure 3(a)]. Compared to the Kα signals
the absolute smaller size of CTR signal confirms that
this emission is due to the high energy component of
electron beam, which has a smaller angular spread. We
now introduce the electron beam compression parameter
C defined as the ratio between the Cu-Kα spot FWHM
and the Cu-Kα peak intensity [32]. A compression of
the beam is indeed achieved when a reduction of the
electron beam size is accompanied by an increase of
the peak intensity of the signal: a smaller value of C
corresponds to a more collimated electron beam. Fig.
4(a) shows the evolution, as a function of the delay
between the laser pulses ∆t, of both the Cu-Kα peak
intensity (black circles) and spot size (grey diamonds)
[both normalised to their value at ∆t = 0] and of the
compression parameter C (red triangles) for the case
ϕ1/ϕ2 = 2.5. The maximum compression corresponds
to the maximum value of Cu-Kα emission at the delay
time of 3 ps where the electron beam area is decreased
by a factor of 0.5 and the Cu-Kα intensity is increased
by a factor of 1.37. This suggests that more than
70% of electrons are collimated in the process. The
CTR signal shows also a reduction of the beam size
by a fairly comparable factor ∼ 0.6 although there is
not a clear increase of the detected signal yield. This
seems to suggest a lower effect of the magnetic field
on the high energy electron beam component which
results both because of the larger difference between
the radial extent of the magnetic field and the spatial
size of the high energy component in the beam, and the
smaller deviation of higher energy electrons. Two main
effects were observed when varying the laser focal spot
ratio of the laser pulses: a variation of the maximum
compression coefficient and a shift of the optimum delay
time. Such tendencies are explained by the dynamics
of the self-generated magnetic fields governed by the
3FIG. 2. (color online)Evolution of the diameter of the emis-
sion area on target rear side of (a) Cu-Kα fluorescence and
(b) CTR, as a function of the delay between the two laser
pulses for different focal spot ratios: ϕ1/ϕ2 = 2.5 (red circles),
ϕ1/ϕ2 = 2.8 (green triangles), ϕ1/ϕ2 = 3 (black squares).
The error bars are estimated by the standard deviation from
multiple shots taken in the same laser conditions. The dashed
curves are guides for the eyes.
diffusion equation whcih combine the generalized Ohm′s
law [35, 36] with Maxwell-Faraday′s law:
∂B
∂t
= η∇×jb+∇ (η)×jb+ η
µ0
∇2B− 1
µ0
∇ (η)×B (1)
Here η, B are the plasma resistivity and magnetic field
respectively, jb is the fast electron current density. The
terms in the right-hand-side of Eq. 1 are responsible for
the magnetic field generation and evolution. The max-
imum amplitude Bmax, the rise and diffusion times are
mainly dependent on the laser pulse duration, intensity
and focal spot size via the target resistivity evolution
and the fast electron beam current density. Applying
this equation to our case, we can explain the magnetic
field dynamics and its influence on the observed electron
beam collimation. An increase of the focal spot size of
the first laser pulse causes (see Fig. 2):
1) A reduction of the optimum delay time
2) An increase of the time window for second electron
beam injection
3) A mitigation of the REB collimation.
The later effect (3), estimated by the compression ra-
tio, is caused by the natural reduction of the maximum
amplitude of magnetic field Bmax because a larger spot
implies a reduced laser intensity on target: the ∆t scan
with ϕ1/ϕ2 = 3 is the less efficient.
The reduction of the optimum delay time between two
laser pulses when the focal spot ratio increased (1) is
due to the change in target resistivity following the
evolution of target temperature. With the increase of
laser focal spot ϕ1 , the injected energy density reduces,
therefore the target electron temperature Te decreases
and the resistivity η gets larger implying a decrease
of the B-field rise time ξ ∼ 1η . As a consequence the
magnetic field reaches Bmax faster, when the REB
collimation is observed.
As for the optimum time window (2) for the injection
of the second electron beam, this appears because the
collimation of the REB is caused by a resistive magnetic
field presenting a sufficiently long lifetime, the later
being directly related to the magnetic field diffusion
time, scaling as τdiff ∝ R2η [Eq. 1]. As a consequence,
the bigger the radial size of the first electron beam,
the longer the seed magnetic field lasts, extending the
optimum time window for the injection of the main
electron population. The existence of the optimum focal
spot ratio, when the compression reaches its maximum,
is a trade-off between the maximum amplitude of the
magnetic field Bmax and its diffusion time. The laser
focal spot ratio should lay between 2 − 2.8, the most
evident collimation effect having been observed for a
focal spot ratio of 2.5.
In order to support our physical interpretation of
the experimental results of fast electron collimation,
we performed a set of numerical simulations. The
pre-plasma formation by the interaction of the seed laser
pulse with the front side aluminium layer was evaluated
using the hydrodynamic code MULTI [37] in 1D. The
plasma electron density profile showed an approximately
exponential profile which could be fitted as ne(x) ∝ e 32x,
where x[µm] is the longitudinal coordinate. The parame-
ters of the electron source produced by the interaction of
the main laser pulse with a 50 µm thick aluminium layer
were evaluated via Particle-in-Cell (PIC) simulations
in 2D using the SMILEI code [38]. We considered a
470 fs FWHM Gaussian pulse with 1019 W.cm−2 peak
intensity. The extracted REB energy distribution was
4FIG. 3. (color online) Data obtained for a focal spot ratio ϕ1/ϕ2 = 2.5. (a) Set of typical Cu-Kα (top) and CTR (bottom)
images obtained at different delays ∆t = 0 ps (left), 3 ps (middle) and 5 ps (right). (b) Comparison of Cu-Kα (red circles)
and of CTR (blue circles) emission spot sizes. The red crosses show the results of the simulated Cu-Kα emission, reproducing
the delay at which optimal collimation occurs.
FIG. 4. (color online) Evolution of the Cu-Kα peak intensity
(black circles), Cu-Kα emission spot size (grey circles) and
compression factor C (red triangles), normalized to the values
at ∆t = 0 ps for the run with the focal spot ratio ϕ1/ϕ2 = 2.5.
averaged over the 1.5 ps duration of the simulation
and is well described in the 10 keV ≤ E ≤ 200 MeV
energy range by the following analytical expression:
f(E) = exp
(
− ETb
)
+
(
Tc
E
) × [ (γ0−1)mec2E ]a exp(− ETsh).
The fitting parameters are: Tb = 30.3 keV,
Tsh = 10 MeV, Tc = 1, γ0 = 1.0075, a = 1.6. The
transport of fast electrons into the target was sim-
ulated in 3D with a hybrid-PIC code [39] using the
aforementioned electron distribution as input to re-
produces the experimental configuration for the run
with a laser focal spot ratio ϕ1/ϕ2 = 2.5. The laser-
to-fast-electrons conversion efficiency was set to 25%
according to [40]. The electric resistivity is calculated
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FIG. 5. (color online) Results of fast electron transport simu-
lations for ϕ1/ϕ2 = 2.5. (a) Comparison of the fast electron
density profiles and (b) of the azimuthal magnetic field com-
ponent of magnetic field for ∆t = 0 ps (simultaneous interac-
tion of the two laser pulses) and ∆t = 3 ps (optimum guiding
of the fast electrons).
using the Eidmann-Chimier model [4, 41]. The fast
electron angular distribution is fitted by the function
f(θ , x ,E) ∝ exp
[(− θ−θr∆θ )2], where ∆θ is the dispersion
angle at the source and θr = actan[tan(γ)r/r0] is the
mean radial angle with respect to the laser propagation
axis with r0= 13.5 µm. The angles for the first electron
beam were chosen according to [9] as ∆θ = 450 and γ =
350, while the angles for the second electron source were
determined from the PIC simulations as 550 and 450,
5respectively.
The simulations for each delay time ∆t between laser
pulses were run until the final time t = 3 ps+∆t. Results
of hybrid simulations are compared with the experiment
in terms of Cu-Kα emission spot sizes. As shown in
figure 3(b) both the experimental and the synthetic
Cu-Kα spot size exhibit a two times decrease at optimum
delay when compared to a simultaneous shot of the two
laser beams (∆t = 0). The minimum spot size is also
reached with a delay time ∼ 3 ps, when the amplitude
of magnetic field reached its maximum Bmax ∼ 400 T
[Fig. 5(b)]. The discrepancy in terms of size between
the simulated and the experimental spots might be
related to an underestimation of the fast electron beam
divergence injected into hybrid simulations.
In summary, in the present experiment, we extensively
studied the double pulse approach to the collimating of
relativistic electron beams produced in high-intensity
laser-plasma interactions. By changing the ratio between
the focal spots of the two lasers ϕ1/ϕ2 and the injection
time ∆t, we observed a clear signature of collimation,
validating the theory presented in [29, 32]. Two comple-
mentary diagnostic techniques have been implemented,
which mainly show the respective behaviour of very
fast vs. less fast hot electrons. Its experimental results
are essentially in agreement. In particular, both from
experimental results and from simulations, we have
shown that for each value of ϕ1/ϕ2 there is an optimal
injection time ∆t, which, in agreement with expecta-
tions, increases when ϕ1/ϕ2 is decreased. We also found
that about 70% of hot electrons can be collimated by this
mechanism. In conclusion, the double pulse technique
appears to be an easy and controllable way to limit the
divergence of fast electrons and improve energy trans-
port deep into the target. This result opens interesting
perspectives for a large variety of applications including
the fast ignition approach to inertial confinement fu-
sion and the optimisation of laser-driven particle sources.
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